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The influence of different metal oxides (ZnO, ZrO,, In,03) in CO, hydrogenation to methanol over Cu-
based catalysts was studied. The catalysts were characterized using x-ray diffraction (XRD), thermal
gravimetric analysis (TGA), transmission electron microscopy (TEM), N,-physisorption, N,O chemisorp-
tion, H, temperature-programmed reduction (H,-TPR), and CO, temperature-programmed desorption
(CO,-TPD). It was found that impregnating ZrO, onto Cu/ZnO enhances the methanol formation rate from
14.7 mmol-g., '-h~' to 15.6 mmol-g.. **h~! (230 °C, 30 bar, 38 000 cm>/(gca¢ h)), which is attributed to

Iégymg;rg;gen ation the formation of Cu-ZrO, sites. The results also indicate that In-doping of the Cu-based catalysts gener-
Mezthanol ates Cuylny alloys, which seems to inhibit the active sites on the Cu surface. However, new sites for
Copper methanol synthesis are present when Cu/ZrO,/In,03 is prepared by co-precipitation. This is attributed
Indium oxide to In-Zr mixed oxide species that increases the methanol formation rate from 53.2 mmol-g., **h™! to
Zinc oxide 60.5 mmol-g, -h~! (270 °C, 30 bar, 140 000 cm?/(g..; h)).

Zirconium oxide © 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Recently, the need to combat the effects of greenhouse gas
emissions has generated significant interest in developing various
technologies for capturing and transforming CO, into useful prod-
ucts. CO, hydrogenation to methanol is among the most promising
approaches for sustainable production of fuels and chemicals from
renewable sources (Aresta et al., 2016). Methanol is currently
widely employed within the petrochemical industry to produce
various compounds, such as olefins, aromatics, and gasoline. Fur-
thermore, methanol is also increasingly used in fuel blends or as

* Corresponding author at: Universitetet i Stavanger, Postboks 8600 Forus, 4036
Stavanger, Norway.
E-mail address: Zhixin.yu@uis.no (Z. Yu).

https://doi.org/10.1016/j.ces.2021.116603
0009-2509/© 2021 The Authors. Published by Elsevier Ltd.

an alternative fuel in the transportation sector. Methanol synthesis
from synthesis gas (CO, CO,, H,) is already a well-established
industry, which could assist in the development and large-scale
implementation of the CO,-to-methanol process. Provided a sus-
tainable source of hydrogen becomes available at reasonable costs,
recycling CO, could become economically viable with sufficient
political incentives.

The different behavior of metal oxide-promoted Cu-based cata-
lysts, in terms of activity and stability under different feeds, high-
lights that optimizing the surface-interface structures is a viable
strategy for obtaining efficient CO,-to-methanol catalysts.
(Denise and Sneeden, 1986; Jansen et al., 2002; Studt et al.,
2015; Topsee et al., 1997; Topsege and Topsge, 1999). There is com-
pelling evidence that the strong metal-support interaction (SMSI)
due to the partial reducibility of metal oxides plays a key role in
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the CO, hydrogenation to methanol over Cu-based catalysts. The
Cu/ZnO/Al,03-based catalysts have been utilized for decades in
the industrial methanol synthesis process from syngas (CO, CO»,
H,), which is operated at 200-300 °C and 50-100 bar. Isotopic
labeling experiments and DFT calculations indicate that methanol
is mainly produced from CO, over Cu/ZnO-based catalysts even
from syngas under typical reaction conditions (Gaikwad et al.,
2020). The promotional effect of ZnO has been attributed to the
presence of Zn or ZnOy species on the Cu surface (Behrens et al.,
2012; Fujitani et al., 1997a; Fujitani et al., 1997b; Kattel et al.,
2017; Martinez-Suarez et al., 2015; Nakamura et al., 1996), which
stabilizes the oxygen-bound intermediates and enhances the
methanol synthesis activity. Recent high-pressure operando stud-
ies indicate the preformation of a CuZn alloy during reduction
and subsequent formation of an active Zn formate intermediate,
which is subsequently hydrogenated to methanol (Zabilskiy
et al., 2020). This is also supported by computational modeling
using DFT and kinetic simulations (Behrens et al., 2012; Kattel
et al,, 2017; Reichenbach et al., 2018; Zheng et al., 2020).

The Cu-ZrO, interfacial sites are widely reported to enhance the
activation and transformation of CO, into methanol over Cu/ZrO,-
based catalysts (Arena et al., 2008; Fujiwara et al., 2019; Gao et al.,
2012; Larmier et al., 2017; Tada et al., 2018a; Tada et al., 2018b).
Cu/ZrO, catalysts containing different polymeric phases of ZrO,
have been reported for methanol synthesis, such as monoclinic
(m-), tetragonal (t-), and amorphous (a-) ZrO, (Jung and Bell,
2002; Rhodes and Bell, 2005; Baiker et al., 1993; Koppel et al.,
1998; Ma et al., 2005; Samson et al., 2014; Witoon et al., 2016;
Tada et al., 2018a). The performance of Cu/ZrO,-based catalysts is
influenced by the metal properties (Cu particle size and disper-
sion), state of ZrO, support (crystalline form and particle size), sur-
face properties (acid, basic and oxygen vacancy concentration), and
the metal-support interaction (Li and Chen, 2019). Recently, exten-
sive studies on inverse oxide/Cu systems for CO, hydrogenation to
methanol has been performed, which indicate superior perfor-
mance compared to the conventional catalytic structure (Graciani
et al, 2014; Senanayake et al.,, 2016; Chen et al., 2019; Wang
et al,, 2019b). Lam et al. (Lam et al., 2018) found that Cu domains
supported on high surface area silica containing highly dispersed
isolated ZrO, motifs exhibits similar performance as that of Cu/
Zr0,. Wu et al. (Wu et al., 2020) observed that the inverse ZrO,/
Cu catalyst composed of small ZrO, islands covering the metallic
Cu surface exhibited about 3 times higher mass-specific methanol
formation rate compared to the conventional Cu/ZrO, catalyst.
Recent studies indicate that the direct hydrogenation of CO, via
the formate intermediate is the dominant reaction pathway over
Cu/ZrO, catalysts during CO, hydrogenation to methanol
(Larmier et al., 2017; Wang et al., 2019b; Wu et al., 2020; Ma
et al., 2020). However, both CO, and CO can be converted to
methanol over Cu/ZrO, at high rates and the preferred route might
be sensitive to the nanostructure of the catalyst and the reaction
conditions (Kattel et al., 2016).

Although highly active In,03-based catalysts have been demon-
strated (Chou and Lobo, 2019; Frei et al., 2019; Men et al., 2019),
the reported activity of In-doped Cu-based catalysts are ambigu-
ous. Stoczynski et al. (Stoczynski et al., 2006) and Sadeghinia
et al. (Sadeghinia et al., 2020) found that incorporating a small
amount of In into Cu/ZnO-based catalysts significantly reduced
the catalytic activity. On the other hand, Shi et al. (Shi et al,
2019) reported synergistic effects between Cuyln, and In,0s,
resulting in highly selective methanol synthesis catalysts. Gao
et al. (Gao et al., 2020) proposed that hydrogen is activated on Cuy-
Iny sites, while the In,03-ZrO, phase facilitates CO, adsorption and
conversion to methanol. Zhang et al. (Zhang et al., 2020) observed
that low amounts of In enhanced the methanol formation rate and
selectivity of Cu/ZrO,. The greater reducibility of In,O3 compared
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to ZnO, Zr0,, and CeO, means that In 03 species migrate readily
during reduction and form surface and bulk Cuyln, alloys. How-
ever, these studies indicate that ZrO, might have a stabilizing
effect on In,O; and generate additional In-Zr mixed oxide sites
for methanol synthesis.

Elucidating the relationship between the catalytic structure and
interfacial sites of Cu-based catalysts can offer valuable insight for
developing high-performance CO,-to-methanol catalysts. Herein,
we provide insight into the highly structure-sensitive nature of
Cu-based catalysts and the interplay between different metal oxide
promoters. It is demonstrated that impregnating Cu/ZnO with ZrO,
enhances the methanol synthesis activity, which is attributed to
the formation of Cu-ZrO, interfacial sites for CO, activation and
conversion to methanol. In contrast, ZnO-doping of Cu/ZrO, seems
to inhibit the Cu-ZrO, interfacial sites. It is also shown that In-
doping of Cu/ZrO, can enhance the catalyst’'s performance,
whereas the activity is significantly reduced when In is impreg-
nated onto Cu/ZnO. This is linked to a stabilizing effect of ZrO,
on In;03, resulting in In-Zr mixed oxide sites for CO, conversion
to methanol. On the other hand, the In,03 species on Cu/ZnO are
easily reduced, leading to In migration to the Cu surface, which
blocks the active sites. It is also demonstrated that the activity is
correlated to the Cu-oxide interaction rather than the Cu surface
area.

2. Materials and methods
2.1. Catalyst preparation

The co-precipitated catalysts were prepared following a proce-
dure explained in detail elsewhere (Behrens and Schlogl, 2013).
Briefly, an aqueous nitrate solution containing an appropriate ratio
of metal nitrates was co-precipitated at a constant pH of 6.5 using
sodium carbonate as precipitating agent. The precipitate was aged
in the mother liquor for 14 h under vigorous stirring at 65 °C in a
sealed cell under a constant flow of N,. The precipitate was filtered
and washed several times with deionized water. The precursors
were dried overnight at 90 °C prior to calcination at 350 or
500 °C for 3 h. The co-precipitated catalysts are denoted as CuM-
X, where M is ZnO, ZrO,, or In,03 and X refers to the calcination
temperature. The calcined CuZn-350 was impregnated with an In
nitrate or Zr nitrate solution to yield a metal content of 1 mol%.
Similarly, the calcined CuZr-350 catalyst was impregnated with
In nitrate or Zn nitrate. The impregnated samples were dried and
calcined again at 350 °C for 3 h. The impregnated samples are
denoted as M/CuZn-350 or M/CuZr-350, where M is ZnO, ZrO,, or
In,03. The nominal and real metal content determined from ICP-
AES of the prepared catalysts are summarized in Table 1.

2.2. Characterization of catalysts

N, adsorption-desorption measurements were obtained at 77 K
using a Micromeritics TriStar II instrument. The samples were
degassed prior to analysis at 120 °C for 14 h with a Micromeritics
VacPrep 061 degas system. The specific surface areas and pore size
distribution were determined by the Brunauer-Emmet-Teller (BET)
and Barret-Joyner-Halenda (BJH) methods, respectively.

The elemental composition of the catalysts was analyzed by
ICP-AES on an Agilent 725-ES apparatus. Typically, 200 mg of sam-
ple was dissolved in a boiling HNO5:HCI mixture with a ratio of 1:3
until complete dissolution of the catalyst. The sample was further
diluted and filtered prior to elemental analysis.

The X-ray diffraction (XRD) patterns were recorded on a Bruker-
AXS Microdiffractometer (D8 ADVANCE) instrument using a Cu Kot
radiation source (A = 1.5406, 40 kV, and 40 mA). The reduced sam-
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Table 1
Nominal and actual metal content of the Cu-based catalysts determined by ICP-AES.
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Catalyst Nominal metal content (mol%) Metal content determined by ICP-AES (mol%)

Cu Zn Zr In Cu Zn Zr In
CuZn-350 83.3 16.7 - - 83.2 16.8 - -
In/CuZn-350 82.5 16.5 - 1.0 82.2 16.5 - 13
Zr/CuZn-350 82,5 16.5 1.0 - 82.2 16.7 1.1 -
CuZr-350 83.3 - 16.7 - 89.1 - 10.9 -
CuZrIn-350 82.9 - 16.6 0.5 88.7 - 11.0 0.3
In/CuZr-350 82,5 - 16.5 1.0 88.0 - 109 1.1
Zn/CuZr-350 82.5 1.0 16.5 - 87.8 1.0 11.2 -
Culn-350 833 - - 16.7 84.1 - - 15.9

ples were passivated in 1% O,/N, before being transferred to the
sample holder. The patterns were collected at 26 of 10-90° with
a step interval of 2°/min. The peaks were identified using the Joint
Committee on Powder Diffraction Standards (JCPDS) database.

The simultaneous thermal gravimetric (TG) and differential
scanning calorimetry (DSC) curves were recorded on Netzsch
STA449 Jupiter F3 instrument. In a typical experiment, a small
amount of sample (10 mg) was heated from room temperature
to 700 °C at a heating rate of 10 °C/min in synthetic air at a flow
rate of 20 mL/min.

The morphology of the reduced catalysts was investigated by
transmission electron microscopy (TEM) with a JEOL JEM-2100F
instrument operated at 200 kV. The reduced-passivated powders
were dispersed in ethanol by ultrasonication and deposited on a
holey carbon-coated copper grid.

Temperature programmed reduction (H,-TPR) measurements
were conducted using a Micromeritics Autochem II ASAP 2920
instrument. First, the sample was heated to 200 °C in He flow for
30 min. Then, the profiles were recorded by passing a 7% H,/Ar
mixture at 50 mL/min over the sample while the temperature
was ramped from ambient to 550 °C at 10 °C/min.

Temperature programmed desorption (CO,-TPD) was carried
out using the same instrument as for H,-TPR. About 100 mg of
sample was pretreated at 200 °C for 30 min under He, reduced at
350 °C for 2 h, and then purged with He for 1 h. CO, adsorption
was performed with a 6 vol% CO,/Ar mixture at 50 °C for 1 h. Phys-
ically adsorbed CO, was removed by purging the sample in He flow
for 1 h. CO,-TPD was carried out under constant He flow (40 mL/
min) from ambient to 800 °C at a heating rate of 10 °C/min.

The exposed Cu surface area (SAc,) was determined by a disso-
ciative N,O adsorption method using a Micromeritics Autochem
2920 instrument. Before N,O adsorption, the sample was heated
to 200 °C in He flow for 30 min and reduced at 350 °C in 7% H,/
Ar mixture (50 mL/min) for 2 h. Then, He was passed over the sam-
ple until the temperature reached 50 °C. The N,O adsorptive
decomposition was carried out in a 1% N,O/He mixture at 50 °C
for 1 h following a procedure described by Van Der Grift et al.
(Gervasini and Bennici, 2005; Liang et al., 2019; Van Der Grift
et al., 1991). After that, the sample tube was purged with He for
1 h to remove the unreacted N,O. Finally, the H, consumption
was determined by a second H,-TPR experiment from 50 to
400 °C at a rate of 10 °C/min in a 7% H,/Ar mixture. The Cu surface
area (SAc,) was calculated using Eq. (1).

Y x SF x N4

2 ~1y _ I X P X Na
SACU(m Eeat ) CMXWcat (])

where Y is the moles of H, consumed in the TPR following N,O
chemisorption, SF is the stoichiometric factor (2), N4 is Avogadro’s
number (6.022 x 1023 mol 1), C is the number of surface Cu atoms
per unit surface area (1.47 x 10'° atoms-m™2), and W, is the
amount of catalyst (g).

2.3. Catalytic activity tests

The CO, hydrogenation experiments were carried out in a
custom-built fixed-bed continuous-flow reactor. Typically, 0.1 g
of the sieved catalyst was mixed with SiC (1 g) and placed in a
stainless tube reactor with an internal diameter of 0.5 cm and a
length of 50 cm. The catalysts were reduced for 2 h at 350 °C with
a heating rate of 2 °C/min by 10% H,/N, (50 mL/min). The reactor
was cooled to ambient temperature, pressurized with the reactant
gases (H,/CO,/N, = 3/1/1), and then heated to the desired reaction
temperature before the activity tests. Product condensation was
avoided by heating the post-reactor lines and valves to 140 °C.
On-line analysis of the exit stream was performed with an Agilent
7890B system containing two channels equipped with TCD detec-
tors. A HayeS Q (length 0.25 m, diameter 1 mm, thickness
80/100 pm) and a Mols 5A (length 1.5 m, diameter 1 mm, thickness
80/100 pum) column is used for the separation of H,, N,, and CO
using He as carrier gas. The CO,, C;-C3 hydrocarbons, and C;-C3
oxygenates in the product is separated by a GS-carbonplot column
(length 60 m, diameter 0.32, thickness 1.5 pum) using Ar as carrier
gas. The CO, conversion was calculated utilizing N, as internal
standard based on Eq. (2). The methanol selectivity (Smethanol)
and space-time yield of methanol (STYmethanot) Were calculated
using Eq. (3) and Eq. (4), respectively.

Xco, (%) =

{1 molesCO, 4  molesN; i,

~ molesCO,,, molesNz‘ouJ x 100 2)

molesmethanolyy.

o7\ —
Smetnanal (70) = molesmethanolyy + molesCOpy 100 3)
- -1
STYmethanol (mmOlmethanol “8eat h )
_ FCOZ,in X XCOZ/loo X Smethanol/loo 4
cat

where Fcozin (mmol/h) is the molar flow rate of CO, at the inlet of
the reactor and Wcat (g) is the amount of catalyst.

3. Results and discussion
3.1. Catalyst characterization

3.1.1. N, physisorption

The N, physisorption results of the CuZn and CuZr catalysts are
summarized in Table 2. The N,-adsorption-desorption isotherms
are shown in the Supporting Information, Figure S1. The BET sur-
face area of the CuZn-350, CuZr-350, and CuZrIn-350 catalysts pre-
pared by co-precipitation are similar in the range of 72-77 m?/g.
Furthermore, the pore volume is also comparable for these cata-
lysts (0.17-0.19 cm?/g). The impregnated catalysts exhibit lower
BET surface area and pore volume, which might be related to pore
blocking or structural changes during the second calcination treat-
ment. The decrease in BET surface area is more significant for In/
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Table 2
Structural properties of the CuZn-based and CuZr-based catalysts.
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Catalyst SAggr (m?/g) Pore volume (cm?/g) Pore diameter (nm) dcyo(i 11y (nm) dcu(111y (nm) dzno(101y (Nm)
CuZn-350 72 0.17 7.7 5.9 23.7 10.4
In/CuZn-350 46 0.11 7.6 7.8 20.1 9.1
Zr/CuZn-350 48 0.11 7.4 8.1 21.8 9.8

CuZr-350 73 0.18 7.9 7.8 213 -

CulnZr-350 77 0.18 8.8 8.2 21.7 -

In/CuZr-350 63 0.15 9.2 8.8 22.2 -
Zn/CuZr-350 61 0.15 7.8 8.7 219 -

CuZn-350 (46 m?/g) and Zr/CuZn-350 (48 m?/g) compared to In/
CuZr-350 (63 m?/g) and Zn/CuZr-350 (61 m?/g).

3.1.2. XRD

Fig. 1 shows the XRD patterns of the CuZn, CuZr, and CuZrIn cat-
alyst precursors. It can be seen that the diffraction patterns are in
excellent agreement with the reference pattern of crystalline mala-

chite (PDF #41-1390). For the CuZn sample, the shift of the 201

(~31.5°20) and the 211 (~32.5°20) peaks towards higher angels is
due to Zn?' incorporation into the malachite structure (Behrens
et al., 2009). No shift in the position of the peaks is observed for
the other precipitated samples. The presence of In (~0.3 mol%) in
the CuZrIn sample results in less intense and broader reflections
compared to CuZr. This suggests that In is highly dispersed and
prevents the crystallite growth of the malachite phase.

The XRD patterns of the calcined CuZn-350, In/CuZn-350, and
Zr/CuZn-350 catalysts are shown in Fig. 2a, while Fig. 2b shows
the patterns of the CuZr-350, CuZrIn-350, In/CuZr-350, and Zn/
CuZr-350 catalysts. It can be seen that all of the calcined samples
contain well-crystalline CuO (PDF #48-1548) with reflections at
20 of 32.5°, 35.5°, 38.7°, and 48.7°. The CuO crystallite sizes esti-
mated by the Scherrer equation are summarized in Table 2. The
CuO crystallite size increases slightly for the impregnated catalysts,
which is probably due to the second calcination cycle. Further-
more, peaks corresponding to ZnO are present for the In/CuZn-
350 and Zr/CuZn-350 samples with reflections at 31.8° and 56.6°
(#36-1451). On the other hand, no reflections corresponding to
In,03 or ZrO, are present in the XRD patterns, which suggests that
these species are amorphous or highly dispersed.

Fig. 3a shows the XRD pattern of the CuZn-350, In/CuZn-350,
and Zr/CuZn-350 catalysts after reduction at 350 °C. The diffrac-

In(OH), #76-1463

(220)
(20-1)

(020)
(

(21-

(240)

120)

1)

CuZn

CuZr

W
’ | | )

10 15 20 25 30 35 40 45 50
Diffraction angle 26/ °

Intensity / a.u

Fig. 1. XRD patterns of the CuZn, CuZr, and CuZrln precursors prepared by co-
precipitation.

tograms of the reduced CuZr-350, CuZrin-350, In/CuZr-350, and
Zn/CuZr-350 catalysts are shown in Fig. 3b. The patterns of all
the reduced catalysts show reflections at 43.3°, 50.4°, 74.1°, and
89.9°, which correspond to metallic Cu (PDF #04-0836). The crys-
tallite size of Cu is relatively similar for the CuZn-based and CuZr-
based catalysts between 20.1 and 23.7 nm (Table 2). For the CuZn
catalysts, the peaks corresponding to ZnO can be observed at 31.8°,
34.4°, and 36.3° (PDF #36-1451). On the other hand, ZrO, seems to
be amorphous, which is in agreement with literature (Tada et al.,
2018b). The XRD pattern of the reduced Culn-350 sample is shown
in Figure S2c. It was found that the peaks of Cu are shifted towards
lower diffraction angles for the Culn-350 sample, which is attribu-
ted to the incorporation of In into the bulk of the Cu crystallites.
Furthermore, peaks matching fairly well with that of Cu;In; (PDF
#65-2249) was observed, whereas crystalline In,O3; was not
detected. To assess the migration of In into the bulk of Cu for the
In-containing catalysts, the d-spacing was calculated from the Cu
(311) peak (Fig. 3c). The d-spacing increases when In is impreg-
nated onto the CuZn-350 catalyst. Interestingly, In does not appear
to migrate into the bulk of Cu when In is impregnated onto the
CuZr-350 catalyst, which suggests that ZrO, stabilizes the In oxide
species. The higher d-spacing of the CuZn-based catalysts might
also be related to distortion of the Cu lattice by Zn (Giinter et al.,
2001).

3.1.3. TGA

The TGA coupled with DSC study results of the CuZn, CuZr, and
CuZrln precursors are shown in Fig. 4a-c. The first segment below
ca. 110 °C and the mass loss between ca. 200-280 °C on the TG
curves correspond to the desorption of adsorbed water on the sur-
face and loss of lattice hydroxyl groups, respectively. The signifi-
cant mass loss between ca. 300-350 °C is attributed to the
decomposition of the malachite phase. An additional mass loss step
centered at ca. 420 °C can be observed for the CuZn precursor,
which is reported to be due to carbonate decomposition and is
often referred to as “high-temperature carbonate” (Kondrat et al.,
2018; Kondrat et al., 2016; Tarasov et al., 2014). The higher decom-
position temperature of this carbonate species for the CuZn sample
is due to the incorporation of Zn into the malachite phase, as indi-
cated by XRD. For the Zr-containing precursors, an exothermic
peak can be observed at 627 °C, which is ascribed to the transfor-
mation of t-ZrO, to m-ZrO, (Tada et al., 2018b). The TGA and DSC
curves of the Culn precursor is shown in Figure S3 and are similar
to that of the CuZn, CuZr, and CuZrin samples.

3.1.4. TEM

Fig. 5 shows representative TEM images of the reduced (a)
CuZn-350 and (b) In/CuZn.350 catalysts. It can be seen that the
morphology of CuZn-350 and In/CuZn-350 is similar. This is consis-
tent with the comparable Cu and ZnO crystallite size of these cat-
alysts, as indicated by XRD. A range of different particle sizes can
be observed for all the samples. Several large particles and agglom-
erates are present, and these particles are primarily composed of
Cu. The smaller particles are probably ZnO, which is supported
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Fig. 2. XRD patterns of calcined (a) CuZn-350, In/CuZn-350, and Zr/CuZn-350; and (b) CuZr-350, CuZrIn-350, In/CuZr-350, and Zn/CuZr-350.
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Fig. 3. XRD patterns of reduced-passivated (a) CuZn-350, In/CuZn-350, and Zr/CuZn-350; and (b) CuZr-350, CuZrIn-350, In/CuZr-350, and Zn/CuZr-350; The d-spacing of the
Cu(311) peak of the reduced CuZn and CuZr catalysts (c).

by the smaller crystallite size of ZnO compared to Cu (Table 2). This
is also consistent with literature (Van Den Berg et al., 2016), and
one of the roles of ZnO is to act as a spacer to help disperse the
Cu phase. No new features can be detected in the TEM images
due to the presence of In for the In/CuZn-350 catalyst.

Fig. 6 shows the TEM images of the reduced (a) CuZr-350, (b)
CuZrIn-350, and (c) In/CuZr-350 catalysts. It can be seen that dense
and less dense areas are present in all of the samples. This demon-
strates that ZnO is a more suitable structural promoter compared
to ZrO,. Additional TEM images comparing the morphology of
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Fig. 4. TG and DSC curves for the (a) CuZn, (b) CuZr, and (c¢) CuZrIn precursors. Blue and red lines are the TG and DSC curves, respectively. Heating rate: 10 °C/min. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

CuZn-350 and CuZr-350 is shown in Figure S4a and Figure S4b,
respectively. The denser regions are probably arise because of the
significantly smaller size of ZrO, compared to ZnO. This results in
the Cu particles being in closer proximity to each other and can
agglomerate more easily. The ZrO, species in the CuZr catalysts
are composed of particles around 5 nm (Fig. 6d), and their size is
not affected by the preparation history of the catalysts. For all
the CuZr catalysts, ZrO,-rich and ZrO,-deficient areas can be iden-
tified. Thus, the ZrO, coverage of Cu ranges from fully covered Cu
species to practically uncovered ones. No information about the

In species can be deduced from the TEM images of the In/CuZr-
350 and CuZrIn-350 catalysts.

3.1.5. Reducibility of the catalysts

The deconvoluted TPR patters of CuZn-350, In/CuZn-350, and
Zr/CuZn-350 catalysts are shown in Fig. 7. Three deconvoluted
peaks are identified, namely a, B, and v, related to different CuO
species. For the CuZn-350 catalysts, the reduction peaks corre-
sponding to B- and y-species can be observed. The B-peak is due
to the reduction of surface CuO species, while the y-peak is

Fig. 5. TEM images of the reduced-passivated (a) CuZn-350 and (b) In/CuZn-350 catalysts.
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Fig. 6. TEM images of the reduced-passivated (a) CuZr-350, (b) CuZrIn-350, (c) In/CuZr-350, and (d) CuZr-350 (higher magnification) catalysts.

ascribed to the reduction of bulk CuO (Gao et al., 2012; Gao et al.,
2013). The impregnation of In,03 or ZrO, onto the CuZn-350 cata-
lyst results in the formation of an a-peak located at a lower tem-
perature. In situ X-ray adsorption near edge structure (XANES)
has identified that the reduction of CuO proceeds through two
steps (CuO —» CuO — Cu) when CuO is in intimate contact with
ZnO (Kiihl et al., 2014), ZnAl,04 (Kiihl et al., 2014), and ZrO, (Ro
et al., 2016). In contrast to ZnO, the ZnAl,04 and ZrO, can stabilize
the Cu,O intermediate, which results in a pronounced shoulder in
the TPR pattern. The a-peak can also be observed in the TPR profile
of the Culn-350 catalyst (Figure S5). Therefore, the a-species are
related to stabilized Cu,0 species formed at lower reduction tem-
perature due to the enhanced reducibility of CuO in contact with
In;03 and ZrO,. The H,/CuO ratios were estimated from the TPR

Zr/CuZn-350
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>
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Fig. 7. Deconvoluted H,-TPR patterns of the CuZn-350, In/CuZn-350, and Zr/CuZn-
350 catalysts.

peak areas and are summarized in Table 3. The H,/Cu ratio is close
to 1 for CuZn catalysts, indicating complete reduction of CuO. For
the Culn-350 catalysts, the H,/Cu ratio is 1.12 below 240 °C, indi-
cating that highly dispersed In,03 species also are reduced at rela-
tively low temperature.

The deconvoluted TPR patterns of the CuZr-350, CuZrIn-350, In/
CuZr-350, and Zn/CuZr-350 catalysts are shown in Fig. 8. It can be
seen that the a-peak areas are higher for the CuZr catalysts com-
pared to the Zr/CuZn-350 and In/CuZn-350 samples because of
the higher ZrO, content. The incorporation of In by co-
precipitation shift the reduction profile towards lower tempera-
ture, which might be due to the presence of In in the bulk of
CuO. Interestingly, In/CuZr-350 contains the lowest number of a-
species of the CuZr catalysts, whereas the formation a-species
occurs when In is impregnated onto CuZn-350 (Table 3). The num-
ber of a-species is also reduced when Zn is impregnated onto the
CuZr-350 catalysts. The lower amount of a-species suggests that
In and Zn adsorption is more favorable on the ZrO, phase during
impregnation, which reduces the interaction between Cu and
ZrO,. The H,/Cu ratio is 0.92 and 0.93 for the CuZr-350 and In/
CuZr-350, respectively, which could be due to the formation of
stable Cu® species. On the other hand, the H,/Cu ratio is close to
1 for the CuZrIn-350 and Zn/CuZr-350 catalysts.

3.1.6. N>O adsorption measurements

The Cu surface areas were estimated by N,O adsorption and are
summarized in Table 3. The Cu surface area of the CuZn-350 is
18 m?/g, which decreases to 14 m?/g when In is impregnated onto
the CuZn-350 catalyst. On the other hand, the Cu surface area of
the Zr/CuZn-350 catalyst (17 m?/g) is comparable to that of
CuZn-350. The smaller number of Cu atoms on the surface of In/
CuZn-350 is attributed to In-migration onto the Cu surface during
reduction. This is supported by the significant drop in Cu surface
area when the reduction temperature is increased for the
Culn-350 catalyst (Figure S6). The CuZr-350, CuZrIn-350, and
Zn/CuZr-350 catalysts exhibit similar Cu surface areas in the range
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Summary of H,-TPR results, Cu surface areas, and relative number of MB sites of the CuZn and CuZr catalysts.

Catalyst H,/CuO ratio o (%) B (%) v (%) SAcy (m?/g)° Relative number of MB sites Anr-ms/Avs
CuZn-350 0.98° 0 85.5 15.5 18 0.22¢ 0
In/CuZn-350 1.01° 133 59.1 27.6 14 0.18° 0
Zr/CuZn-350 1.00° 32.9 45.8 213 17 0.35¢ 0
CuZr-350 0.92° 38.1 48.9 13.0 34 1.00° 0.24¢
CuZrIn-350 0.99¢ 37.7 37.0 253 36 0.86¢ 0.42¢
In/CuZr-350 0.93¢ 26.1 40.2 33.7 26 0.55°¢ 0.35¢
Zn/CuZr-350 0.98° 29.1 49.5 214 32 0.88¢ 0.26¢

2 Determined from H,-TPR.
b Estimated from N,O chemisorption.

¢ Obtained from CO,-TPD; ¢ Ratio of high-temperature MB sites to total number of MB sites.

of 31-36 m?/g. It can be seen that the Cu surface area is also signif-
icantly reduced when In is impregnated onto the CuZr-350 catalyst
(26 m?/g). It has been reported that the oxygen vacancies of metal
oxides can contribute to the N,O consumption (Chatterjee et al.,
2019; Fichtl et al., 2014; Kuld et al,, 2014). Nevertheless, the
decrease in Cu surface area is relatively high when In is impreg-
nated onto CuZn-350 and CuZr-350, which suggests that the Cu
surface is partially covered by In after reduction for both catalysts.

3.1.7. CO,-TPD

The surface basicity of the catalysts was studied by CO,-TPD.
Fig. 9a shows the CO,-TPD profiles of CuZn-350, In/CuZn-350,
and Zr/CuZn-350, while the profiles of CuZr-350, CuZrIn-350, In/
CuZr-350, and Zn/CuZr-350 are shown in Fig. 9b. The profiles were
deconvoluted into three regions: weak basic (WB) sites related to
the Cu surface (Bonicke et al., 1994) or OH™ groups (50-200 °C),
medium-strength basic (MB) sites associated with metal-oxygen
pairs (e.g., Zr-0, In-0) (200-480 °C), and strong basic sites due
to low-coordination 0%~ species (480-800 °C) (Zhang et al.,
2020). The MB sites of the CuZn catalyst might be due to oxygen
defects in ZnO or ZnOy species present on the Cu surface after
reduction (Zhao et al., 2018). It can be seen the number of moder-
ate basic sites increases when ZrO, is impregnated onto the CuZn-
350 catalyst, which is attributed to the presence of additional CO,
adsorption sites at Lewis basic sites of ZrO, (Arena et al., 2008;
Dong et al., 2016). Furthermore, the Zr/CuZn-350 catalyst also con-
tains a significant amount of strong basic sites. On the other hand,
the addition of In reduces the surface basicity of the CuzZn-350 cat-
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Fig. 8. Deconvoluted H,-TPR patterns of the CuZr-350, CuZrIn-350, In/CuZr-350,
and Zn/CuZr-350 catalysts.

alyst. This indicates that In inhibits the Cu-ZnO interaction or
reduces the number of oxygen defects in ZnO.

Different types of MB and SB sites are also present in the CO,
TPD profiles of the CuZr catalysts (Fig. 9b). The CuZr-350 has the
highest quantity of MB sites (Table 3). Incorporation of In by co-
precipitation results in a higher fraction of high-temperature MB
sites for the CuZrIn-350 catalyst. When Zn or In is impregnated
onto the CuZr-350 catalyst, the amount of MB sites decreases
accompanied by a significant increase in SB sites. Since the amount
of SB sites is also very high for the Zr/CuZn-350 sample, the
increase in SB sites for the impregnated catalysts is probably
related to the interaction between ZnO or In,03 species with ZrO,.

The CO,-TPD profiles of Culn-350, CuZn-500, and CuZr-500 are
shown in Figure S7. Notably, the surface basicity of the Culn-350
catalyst is much lower than that of the other samples and the sur-
face basicity is reduced when the CuZn and CuZr catalysts are cal-
cined at 500 °C. The lower surface basicity of CuZn-500 compared
to CuZn-350 might be related to a weaker Cu-ZnO interaction (Li
et al.,, 2016). Furthermore, the number of defects and oxygen
vacancies in ZnO and ZrO, might be lower after calcination at
higher temperature.

3.2. Catalytic activity tests

3.2.1. Comparison of the CuZr and CuZn catalysts

Fig. 10 shows the steady-state production rates of methanol and
CO for the CuZn and CuZr catalysts. A summary of the characteri-
zation results of the CuZn-500 and CuZr-500 catalysts can be found
in the Table S1. A methanol formation rate of 14.7 mmol-gc, '-h™!
is obtained over the CuZn-350 catalyst. Although the CuZn-500
catalyst shows similar overall activity, a decrease in the methanol
formation rate (12.4 mmol-g.,; '+h~!) accompanied by an increase
in the CO production rate can be observed. Li et al. (Li et al., 2016)
observed that the amount of CuZn alloy decreases with increasing
calcination temperature for the Cu/ZnO catalyst. Thus, the lower
activity of CuZn-500 might be related to a lower amount of CuZn
sites for CO, hydrogenation to methanol (Zabilskiy et al., 2020),
as indicated by XRD and CO,-TPD. The highest steady-state metha-
nol formation rate is obtained over the Zr/CuZn-350 catalyst
(15.6 mmol-ge, '-h~1). In fact, the initial rate of the Zr/CuZn-350
catalyst is approximately 2 times higher than CuZn-350 (Figure S8),
which is in the high range of STY values previously reported in lit-
erature at comparable conditions (Table S2). Recently, Wu et al.
(Wu et al., 2020) detected a HCOO-Cu intermediate over an inverse
Zr0,/Cu catalyst, which was hydrogenated to methanol at a signif-
icantly higher rate compared to formate species on ZrO,. The
increase in the number of moderate basic sites for the Zr/CuZn-
350 catalysts is indicative of Cu-ZrO, interfacial sites, which prob-
ably have an inverse ZrO,/Cu configuration. Thus, the superior per-
formance of Zr/CuZn-350 is attributed to the formation of Cu-ZrO,
interfacial sites that facilitate CO, hydrogenation to methanol.
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Fig. 9. CO,-TPD profiles of the (a) CuZn-350, In/CuZn-350, and Zr/CuZn-350 catalysts; and the (b) CuZr-350, CuZrIn-350, In/CuZr-350, and Zn/CuZr-350 catalysts.

The methanol formation rate of the CuZr-350 catalyst
(13.1 mmol-g., -h~ 1) is lower than that of CuZn-350 despite the
higher Cu surface area. The activity of Cu/ZrO,-based catalysts is
critically linked to the interfacial sites, which facilitate CO, activa-
tion and hydrogenation to methanol (Ro et al, 2016;
Rungtaweevoranit et al.,, 2016; Samson et al., 2014; Tada et al.,,
2018b; Wang et al., 2019b). Therefore, the Cu surface area obtained
from N,O chemisorption is not a suitable descriptor of the number
of active sites for the Cu/ZrO,-based catalysts investigated in this
work. Zr-rich and Zr-deficient regions are present in the TEM
images of the CuZr catalysts, indicating that the employed prepara-
tion method is not optimal for obtaining well-mixed Cu/ZrO, cata-
lysts. The lower activity of the CuZr-500 catalysts can be explained
by the decrease in surface basicity after calcination at 500 °C,
which reduces the number of sites for CO, activation. The activity
also decreases when ZnO is impregnated onto CuZr-350. The ZnO-
ZrO, interaction seems to generate strong basic sites, which might
adsorb CO, or reaction intermediates too strongly for further
hydrogenation to methanol.
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Fig. 10. Methanol and CO production rates for the CuZn and CuZr catalysts.
Reaction conditions: 230 °C, 30 bar, 38 000 cm>/(gc. h), H,/CO, = 3.

To compare the methanol selectivity of the CuZn and CuZr cat-
alysts, the effect of contact time was investigated by varying the
GHSV between 20 000 and 100 000 cm>-g.,; *+h~'. The methanol
selectivity is plotted against the CO, conversion after reaching
stable production rates for the CuZn and CuZr catalyst in Fig. 11a
and b, respectively. The methanol selectivity increases with
decreasing CO, conversion, i.e., increasing GHSV, for all the cata-
lysts in accordance with literature (Tada et al., 2018b). Extrapola-
tion of the methanol selectivity to zero conversion (zero contact
time) of the CuZn and CuZr catalysts yields a positive initial forma-
tion rate for both methanol and CO. This indicates that methanol
and CO are primary products over the CuZn and CuZr catalysts
(Larmier et al., 2017). The shape and location of the trend lines
are related to the active sites present on the catalysts’ surface.
The active sites of CuZn-350 and CuZn-500 can generally be
divided into (i) surface metallic Cu and (ii) Cu-ZnO interfacial sites.
The methanol selectivity of CuZn-350 and CuZn-500 indicates that
CO formation rate increases with weaker Cu-ZnO interaction. Thus,
the unpromoted Cu surface seem to be more active for the RWGS
reaction. The increase in methanol selectivity when Zr is impreg-
nated onto CuZn-350 is probably due to the additional Cu-ZrO,
interfacial sites.

It can be seen in Fig. 11b that the methanol selectivity is signif-
icantly higher for the CuZr-350 catalysts compared to CuZr-500.
Generally, three types of active sites are probably present for these
catalysts, namely (i) surface metallic Cu, (ii) Cu/a-ZrO,, and (iii) Cu/
t-ZrO,. It has been reported that the methanol synthesis activity of
Cu supported on a-ZrO, is higher than that of t-ZrO, (Tada et al.,
2018b). Therefore, the lower methanol selectivity of CuZr-500
might be related to the transformation of a-ZrO, into t-ZrO,, as
indicated by XRD (Figure S2d). Based on the CO,-TPD results, the
number of CO, adsorption sites decreases when the catalyst is cal-
cined at higher temperature, reducing the number of sites for CO,
activation. The methanol selectivity is also lower for Zn/CuZr-350
compared to CuZr-350.

3.2.2. Influence of in on CuZn and CuZr catalysts

The steady-state methanol formation rates of the CuZn-350%, In/
CuZn-350, CuZr-350, CuZr-350*, CuZrin-350, and In/CuZr-350 cat-
alysts at 230 °C and 270 °C are shown in Fig. 12. A significant
decrease in the methanol formation rate is observed when In is
impregnated onto the CuZn-350 and CuZr-350 catalysts. The
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Fig. 11. Methanol selectivity as a function of CO, conversion for (a) CuZn-350, CuZn-500, and Zr/CuZn-350; and (b) CuZr-350, CuZr-500, and Zr/CuZn-350 catalysts. Reaction

conditions: 230 °C, 30 bar, H,/CO, = 3.

activity of the Culn-350 catalyst was negligible at 270 °C (see
Table S1 for summary of characterization results of Culn-350).
Thus, the significant decrease in Cu surface area indicates that In
coverage of the active sites is responsible for the lower activity
for the In/CuZn-350 catalyst. The CO,-TPD results suggests that
the blockage of MB sites of CuZr-350 reduces the activity of the
catalyst. Interestingly, the methanol formation rate of CuZrin-350
is clearly higher than that of CuZr-350 at 270 °C. The ratio of
high-temperature MB sites to the total amount of MB sites (Aur-
wme/Awms, Table 3) is higher for CuZrIn-350 and In/CuZr-350 com-
pared to the CuZr-350, Zn/CuZr-350, and CuZr-500 (Table S1) cat-
alysts. This shift in the basic site composition might be related to
the presence of In-Zr mixed oxide sites. Typically, In,O3 and
ZrO,-promoted In,05 catalysts are reported to require higher tem-
peratures than Cu/ZnO and Cu/ZrO, to achieve significant metha-
nol synthesis activity (Chou and Lobo, 2019; Dang et al., 2020;
Frei et al., 2019; Martin et al., 2016). Therefore, the superior activ-
ity of CuZrIn-350 at 270 °C might be related to the contribution of
In-Zr mixed oxide sites that are not particularly active at 230 °C.
The methanol selectivity as a function of CO, conversion is plot-
ted for the CuzZn-350%, In/CuZn-350, CuZr-350*, CuZrIn-350, and In/
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Fig. 12. Methanol formation rates for the CuZn-350% In/CuZn-350, CuZr-350, CuZr-
350%, CuZrIn-350, and In/CuZr-350 catalysts. Reaction conditions: 230 °C, 30 bar, 80
000 cm?/(geat h), H2/CO, = 3 and 270 °C, 30 bar, 140 000 cm3/(g., h), H,/CO, = 3.
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CuZr-350 catalysts at 230 °C and 270 °C in Fig. 13a and b, respec-
tively. It can be seen that the trend curves appear at higher metha-
nol selectivity when In is impregnated onto the CuZn-350 and
CuZr-350 catalysts at both temperatures. For the CuZrIn-350 cata-
lyst, the methanol selectivity is higher than that of the CuZr-350*
catalyst only at 270 °C. Furthermore, the methanol selectivity is
more significantly improved for In/CuZr-350 and CuZrIn-350 com-
pared to In/CuZn-350 when the reaction temperature is increased.
Therefore, In addition to the catalysts might improve the methanol
selectivity in two different ways: (i) by decreasing the number of
metallic Cu sites for the RWGS reaction by forming Cu,ln, surface
species; and (ii) generating In-Zr mixed oxide sites for methanol
synthesis. For the In/CuZn-350 catalyst, the methanol selectivity
is probably improved due to a decrease in metallic Cu sites,
whereas a combination of (i) and (ii) explains the performance of
the In/CuZr-350 catalyst. On the other hand, the selectivity of the
CuZrIn-350 catalyst indicate a negligible fraction of CuyIn, surface
species. This is probably due to the lower In content and a conse-
quence of the preparation method, which leads to In being mostly
incorporated into the bulk of Cu and the ZrO, phase. It is also likely
that this enhances the stability of the Cu and ZrO, phases, which
limits the deactivation at 270 °C (Figure S9).

3.2.3. Influence of surface properties on catalytic performance

Fig. 14a shows the STY of methanol as a function of the Cu sur-
face area. The Cu surface areas of the CuZn-500, CuZn-350, and Zr/
CuZn-350 are comparable, but their activity is drastically different.
Furthermore, the CuZr-based catalysts exhibit much lower STY of
methanol per Cu surface area compared to the CuZn-based cata-
lysts. The decoration of the Cu surface by Zn or ZnOy species has
been reported to yield a highly abundant Cu-ZnO interface for
the conversion of CO, to methanol (Behrens et al., 2012; Kuld
et al., 2014; Kattel et al., 2016; Zabilskiy et al., 2020). Therefore,
the ability of Zn species to incorporate into the Cu precursor phase
has probably resulted in a larger Cu-oxide interface for the CuZn-
based catalysts. On the other hand, the STY of CO strongly corre-
lates to the Cu surface area (Fig. 14b), indicating that CO formation
primarily occurs on the Cu surface. According to literature
(Grabow, 2011; Graciani et al., 2014; Kattel et al., 2016), CO forma-
tion occurs through the carboxyl (COOH) intermediate rather than
the decomposition of formate (HCOO). The reaction mechanism
over Cu/ZrO,-based catalysts has been debated, where both direct
hydrogenation of CO, via the formate intermediate and methanol
formation via CO as an intermediate has been proposed (Li and
Chen, 2019). Thus, further hydrogenation of CO formed from the
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RWGS reaction might also contribute to the methanol production
when ZrO, is present.
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The STY of methanol as a function of the relative number of MB
sites is shown in Fig. 15. A correlation between the methanol for-
mation rate and the number of MB sites can be observed with
the exception of the In/CuZn-350 catalyst. The basicity of Cu-
based catalysts has been reported to be an important factor for
the methanol synthesis activity of Cu-based catalysts (Gao et al.,
2013; Gao et al., 2016; Guo et al.,, 2011; Wang et al., 2019a). Thus,
the results indicate that the number of interfacial sites is reflected
by the MB sites and is an important descriptor of the methanol
synthesis activity over these catalysts. The number of SB sites is
significantly higher for the impregnated Zr/CuZn-350, Zn/CuZr-
350, and In/CuZr-350 catalysts. However, these adsorption sites
seem to bind CO, or CO, derived species too strongly for further
hydrogenation and not contribute to the activity of the catalyst.
The very high initial methanol formation rate of Zr/CuZn-350 com-
pared to the CuZn-350, CuZr-350 and Zn/CuZr-350 catalysts
demonstrates that obtaining high coverage of the Cu surface of
Zn(0) and ZrO, species can significantly boost the methanol
production.

4. Conclusion

The model catalysts investigated in this work provide insights
into the generation and inhibition of active sites of Cu-based
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catalysts for CO, hydrogenation. The impregnation of a small
amount of ZrO, onto Cu/ZnO significantly improves the methanol
selectivity of the catalyst. Furthermore, the initial methanol forma-
tion rate is approximately two times higher for the ZrO,-containing
Cu/ZnO catalyst. The introduction of ZrO, generates new medium-
strength basic sites for CO, activation and conversion to methanol.
However, the catalyst deactivates rapidly, but the steady-state
methanol selectivity and methanol formation rate (15.6 mmol/
gcat) are still higher than the unpromoted Cu/ZnO -catalyst
(14.7 mmol/gcat). In contrast, when ZnO is impregnated onto Cu/
Zr0,, both the methanol selectivity and methanol formation rate
are reduced. This is attributed to the formation of CO, adsorption
sites that bind the CO,-derived species too strongly for further
hydrogenation to methanol, which reduces the number of active
Cu-oxide interfacial sites.

We also demonstrate that In can inhibit the RWGS reaction on
the Cu/ZnO and Cu/ZrO, catalysts. The results suggest that inactive
Cu,Iny surface species are formed that block CO production on the
Cu surface. Furthermore, the methanol formation rate increases
from 52.7 to 60.5 mmol/g., at 270 °C when 0.3 mol% In is incorpo-
rated into the Cu/ZrO, catalyst by co-precipitation. The higher
activity of In-doped Cu/ZrO, is attributed to In-Zr mixed oxide sites
that are more active for methanol synthesis at higher tempera-
tures. Furthermore, In improves the stability of the catalyst, which
is attributed to the presence of In in the bulk of Cu and in the ZrO,
phase that stabilizes the interfacial sites. The present findings pro-
vide insight into tuning the active sites and enhancing the stability
of Cu-based catalyst promoted by metal oxides for CO, hydrogena-
tion to methanol.
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